ABSTRACT A bolt-clamped type piezoelectric actuator, which could output rotary motions by using longitudinal-torsional hybrid vibration, was proposed and tested in this paper. The proposed actuator is mainly composed of a piezoelectric stack, a leftward bending longitudinal-torsional convertor (LBLTC), and a rightward bending longitudinal-torsional convertor (RBLTC). The piezoelectric stack, which is clamped between the LBLTC and RBLTC, is utilized to generate longitudinal vibration under exciting of a sinusoidal signal with a certain frequency. The two convertors transform part of the longitudinal vibration generated by the piezoelectric stack into the torsional vibration and generate elliptical motions at the ends of the driving tips, which can push the rotors to rotate step by step. The structure of the proposed actuator was designed, and the working principle for the rotary driving was analyzed. Then, modal, harmonic, and transient analyses were carried out by the finite element method to determine the structural dimensions of the convertors and verify the movement trajectories of the driving tips. Finally, a prototype was fabricated, and its vibration and output characteristics were tested. The experimental results indicated that the maximum no-load speed and maximum torque of the actuator were 342 r/min and 0.072 N·m under the preload of 11 N and the voltage of 300 V P-P . The simulation and experimental results verified the feasibility of the proposed actuator.
I. INTRODUCTION
The piezoelectric actuators usually use the inverse piezoelectric effect to convert the electrical energy into the vibration mechanical energy [1] , and have long been investigated extensively and applied successfully in lots of fields [2] - [4] . Compared with the traditional electromagnetic motors, the piezoelectric actuators have the advantages of no electromagnetic radiation, self-locking, high power weight ratio, high displacement resolution [5] - [8] , making it suitable for robots [9] - [11] , high-precision machines [12] - [15] , nanopositioning stages [16] - [18] , optical instruments [16] - [18] , bioengineer [19] - [21] , and invasive surgery [12] , [25] , [26] .
According to vibration characteristic, piezoelectric actuators can be classified into resonant type [27] - [29] and
The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu. non-resonant type [30] - [32] . The non-resonant type piezoelectric actuators can realize precision motion control with a scale of nanometer, but they usually have short strokes or low speeds [33] . For example, Tang et al. [34] proposed a piezoelectric-actuator-driven nanopositioning stages which reached a workspace of 1.035×1.035 mm with a closed-loop positioning accuracy of 400 nm. The resonant type piezoelectric actuators have merits of simple structure, high torque, quick response, and self-lock when power off [33] . The resonant type piezoelectric actuators utilize the elliptical motions of the driving tips, which are generated by the converse piezoelectric effects of the piezoelectric elements, and friction coupling between the runner and the stator to push the runner. In general, the elliptical motions can be generated by two traveling waves with a certain phase difference [35] . Furthermore, the elliptical motions can also be formed by two standing waves, such as the hybrid of longitudinal and bending vibrations [36] - [38] , the hybrid of longitudinal and torsional vibrations [39] , [40] , and the hybrid of two bending vibrations [41] .
The piezoelectric actuators, which use the hybrid of longitudinal and torsional vibrations, can be divided into multi-mode type [42] , [43] and mode conversion type [44] , [45] . The multi-mode type actuators use two groups of piezoelectric elements to generate the longitudinal vibration and torsional vibration, separately. When exciting voltages with a certain frequency are applied on the two groups, respectively, the longitudinal-torsional hybrid vibration will be generated. However, the proper longitudinal and torsional vibration modes must be used and the frequencies for the two modes must be same. By contrast, the mode conversion type actuators only have one group of piezoelectric elements for longitudinal vibration. A longitudinal-torsional convertor, which usually has special structural features, is utilized to transform part of the longitudinal vibration into the torsional vibration. Finally, the longitudinaltorsional hybrid vibration will be formed and the elliptical motions of the points on a driving surface can be generated.
Besides, the piezoelectric actuators can also be classified based on combine mode of the piezoelectric elements and metal blocks as bonded type [46] and bolt-clamped type [47] , [48] . The piezoelectric elements of the bonded type actuators are glued on elastic metal blocks with conductive adhesive and adopt d 31 working mode which exhibits a lower electromechanical coupling factor to excite the resonance vibrations. Fatigue of the adhesive layer caused by shear stress and fragility of the piezoelectric elements under strong extension stress limit their applications in harsh temperature environment [49] . The bolt-clamped type actuators, which usually clamp the piezoelectric elements between the metal blocks with a bolt, can apply larger preload on the piezoelectric elements. Hence, a higher exciting voltage can be applied to output larger power without the fatigue of the adhesive layer or the fragility of the piezoelectric elements. Moreover, the piezoelectric elements of the bolt-clamped type actuators work at d 33 mode which has a higher energy transfer efficiency than the d 31 mode. This paper proposes and verifies a novel bolt-clamped type rotary piezoelectric actuator which makes use of two longitudinal-torsional convertors to generate elliptical motions. The proposed actuator not only inherits the merits of the bolt-clamped type actuators, but also can realize rotary driving. The remainder of this paper is organized as follows. In Section II, configuration and operating principle of the proposed actuator are presented. Detailed design process of the proposed actuator is discussed in Section III. The elliptical trajectories of the driving tips are verified by transient analysis in Section IV. In Section V, the vibration characteristic and output performance of the actuator are investigated with experiments. Finally, the conclusions are drawn in Section VI. 
II. CONFIGURATION AND OPERATING PRINCIPLE OF THE PROPOSED ACTUATOR
Configuration of the actuator is shown in Fig. 1 . The actuator consists of a piezoelectric stack, a leftward bending longitudinal-torsional convertor(LBLTC), a rightward bending longitudinal-torsional convertor(RBLTC), and a bolt. The piezoelectric stack, which is compose of several electrodes and four lead zirconate titanate (PZT) ceramic rings, is clamped between the LBLTC and the RBLTC by the bolt, as shown in Fig. 1(a) . The PZT ceramic rings are polarized along their thickness directions and the polarization directions of adjacent PZT ceramic rings are opposite, as shown in Fig. 1(b) . Three-dimensional model of the LBLTC is shown in Fig. 1(c) . The LBLTC, which includes four leftward bending driving tips on the top, converts part of the longitudinal vibration on one side of the piezoelectric stack into VOLUME 7, 2019 FIGURE 2. Working principle of the proposed actuator.
longitudinal-torsional vibration and forms leftward elliptical trajectories at the ends of the driving tips. The structural difference between the LBLTC and RBLTC is that the latter has four rightward bending driving tips, as shown in Fig. 1 
(d).
Then the RBLTC utilizes the longitudinal vibration on the other side of the piezoelectric stack to generate rightward elliptical trajectories. Fig. 2 illustrates operating principle of the proposed actuator. Under the excitation of a sinusoidal voltage, the actuator vibration shape will change as (3)- (2)- (1)- (2)- (3)- (4)- (5)- (4)-(3). Then, elliptical trajectories are formed on the driving tips of the LBLTC and RBLTC simultaneously. Finally, the driving tips push two rotors to rotate around a certain axis using the frictional force provided by the vertical preload.
III. DESIGN OF THE PROPOSED ACTUATOR
The elliptical trajectories of the driving tips are affected by the structural dimensions of the actuator. The finite-element method (FEM, ANSYS software) was used to determine the effect of the structural dimensions on the vibration characteristic of the actuator. The materials of the LBLTC and RBLTC are both aluminum alloy with a mass density of 2700 kg/m 3 , a Young's modulus of 7. 
where d, ε T , and c E are the piezoelectric matrix, the dielectric matrix, and the stiffness matrix, respectively. During pushing the rotor, the two edges of each driving tip contact the rotor alternately, as shown in Fig. 2 . Six points on two edges of one driving tip including P 1 , P 2 , P 3 , P 4 , P 5 , and P 6 were selected, as shown in Fig. 1(c) . The elliptical trajectory of each point was decomposed into axial vibration and circumferential vibration. The modal analysis and harmonic analysis were utilized to analyze the vibration amplitudes of the selected points in the axial and circumferential directions under different structural dimensions. Fig. 1(a)-(d) and Table 1 together show the initial structure dimensions The displacement amplitudes of the selected points in the axial and circumferential directions increase with the increase of L 1 , as shown in Fig. 3 . The amplitudes of the selected points in the axial direction are quite different. However, the circumferential displacement amplitudes of the selected points are less different. In addition, the points near the outer cylindrical surface of the actuator, P 1 and P 6 , have larger axial displacement amplitudes than the points near the inner cylindrical surface of the actuator, such as P 3 and P 4 .
It can be seen that increasing L 2 has a remarkable effect on the axial displacement amplitudes of the selected points, as shown in Fig. 4(a) . The axial displacement amplitudes of P 1 , P 2 , P 3 , and P 6 decrease with the increase of L 2 , while that of P 4 increase with the increase of L 2 . The amplitude of P 5 in the axial direction increases first and then decreases with the increase of L 2 . Furthermore, the circumferential displacement amplitudes of the selected points decrease with the increase of L 2 and nearly have same values for each L 2 , as shown in Fig. 4(b) . Fig. 5(a) indicates that with increasing L 3 , the axial displacement amplitudes of P 1 , P 2 , P 3 , and P 6 decrease slowly. However, the displacement amplitudes of P 4 and P 5 in the axial direction increase with the increase of L 3 . Moreover, the circumferential displacement amplitudes of the selected points decrease with the increase of L 3 , as shown in Fig. 5(b) . Fig. 6(a) shows that as L 4 increases from 5 mm to 15 mm, the axial displacement amplitudes of P 1 , P 2 , P 3 , and P 6 and the circumferential displacement amplitudes of all the selected points increase first and then decrease, and reach their maximum values when the L 4 is about 12 mm. With increasing L 4 , the axial displacement amplitude of P 5 increases in the initial phase and reaches its maximum value when L 4 is about 9 mm. Then, it decreases slowly. Furthermore, in the range of 5 mm to 15 mm, the axial displacement amplitude of P 4 decreases with the increase of L 4 .
With increasing θ 1 in the range of 5 • to 25 • , the displacement amplitudes of P 1 , P 2 , P 3 , and P 6 in the axial direction and of all the selected points in the circumferential direction increase gradually, as shown in Fig. 7(a) and (b) . The axial displacement amplitudes of P 4 and P 5 reach their maximum values when θ 1 is equal to 11 • and 13 • , respectively. Fig. 8(a) indicates that with θ 2 increasing from 10 • to 30 • , the axial displacement amplitudes of P 1 , P 2 , and P 3 reach their maximum values when θ 2 equals 24 • . The axial displacement amplitudes of P 4 , P 5 , and P 6 decrease with the increase of θ 2 . Furthermore, the circumferential displacement amplitudes of all the selected points increase slowly with the VOLUME 7, 2019 increase of θ 2 , and reach their maximum values when θ 2 is about 26 • , as shown in Fig. 8(b) .
It can be seen that increasing θ 3 leads to decreases in the circumferential displacement amplitudes of all the selected points and the axial displacement amplitudes of all the selected points except P 4 , as shown in Fig. 9 .
The results obtained by the modal analysis and harmonic analysis demonstrate that there are no significant differences between the circumferential displacement amplitudes of all the selected points for each parameter. However, the axial displacement amplitude of any point is quite different from that of any other point. Moreover, changes in the structural parameters of the proposed actuator have significant effects on the displacement amplitudes of the selected points in both directions. Based on the initial structure dimensions and the analysis results, the final structural dimensions are set as
• , and θ 3 = 25 • . Under these dimensions, the mode shape of the actuator is shown in Fig. 10 and the resonance frequency was calculated to be 21.496 kHz.
IV. MOTIONS OF THE DRIVING TIPS
To verify the elliptical trajectories of the driving tips, transient analysis was adopted to plot the moving trajectories of the points P 1 , P 2 , P 3 , P 4 , P 5 , and P 6 . A sinusoidal signal with a frequency of 21.496 kHz and an amplitude of 150 V was applied to the PZT ceramic rings, and the end time for transient analysis was 5.4 ms. Fig. 11 shows the movement trajectories of the selected points obtained by the transient analysis. It can be seen that the elliptical trajectories of the selected points do not overlap well. The points P 4 , P 5 , and P 6 have larger maximum displacements in both directions than the points P 1 , P 2 , and P 3 . In addition, compared to the points near the inner cylindrical surface of the actuator, P 3 and P 4 , the points that near the outer cylindrical surface, P 1 and P 6 , have bigger circumferential displacement amplitudes, which means that the points P 1 and P 6 have greater pushing effects on the rotor than the formers.
V. PROTOTYPE EXPERIMENTS
The prototype of the proposed piezoelectric actuator is shown in Fig. 12 . As mentioned above, the points that near the outer cylindrical surface of the actuator have greater pushing effects on the rotor than the points near the inner cylindrical surface. To get better driving effect, the bottom surfaces of the rotors is designed to be circular ring type. Therefore, the contact parts between the rotor and the driving tips are located on the areas that near the outer cylindrical surface of the actuator. The rotary shaft is supported by two bearings and pushed by two rotors via flat keys. The preloads applied on the two rotors are provided by two preload springs of which compression amounts can be adjusted by two nuts. Several experiments were carried out to evaluate the output performance of the proposed actuator. Fig. 13 shows the impedance of the actuator versus frequency obtained by an impedance analyzer (E4990A, KEYSIGHT). The frequency corresponding to the minimum impedance was regarded as the resonance frequency of the actuator. The test result indicates that the resonance frequency is 21.135 kHz which is different from the result obtained by the modal analysis with a discrepancy of 0.361 kHz. The discrepancy is mainly caused by the differences between the real materials and the ideal model, the neglect of the electrodes in the modal analysis, and assembling errors.
A series of sinusoidal signals with the same voltage of 300 V P-P and different frequencies were used to excite the actuator without the preload, respectively. Meantime, the vibration displacements of P 1 and P 6 under each excitation frequency were measured by a laser displacement sensor (LK-H020, KEYENCE) to get the optimum excitation frequency for the vibration displacements. Fig. 14 gives the curves of the displacement amplitudes of P 1 and P 6 in the axial and circumferential directions versus excitation frequency. It indicates that the amplitudes of P 1 and P 6 in both directions increase first and then decrease with the increase of the signal frequency, and reach their maximum values when the excitation frequency equals 20.765 kHz which was regarded as the optimum excitation frequency of the actuator for the vibration displacements. Fig. 15 gives the curves of the displacements of P 1 and P 6 in both directions under exciting of the optimum excitation frequency. The maximum displacements of P 1 in the axial and circumferential directions are 10 µm and 23.5 µm, respectively, and those of P 6 are 13.5 µm and 20.5 µm.
To obtain the optimum excitation frequency of the proposed actuator during pushing the rotors, no-load output speeds under different excitation frequencies were measured. Voltages of the excitation signals were set as 300 V P-P and the preloads applied on the two rotors were both 7 N. The experimental results presented in Fig. 16 indicate that the no-load output speed increases first and then decreases with the increase of the signal frequency. The no-load output speed reaches to the maximum of 342 r/min, when the excitation frequency is 20.86 kHz. The optimum excitation frequency of the actuator during pushing the rotors is different from that for the vibration displacements with a discrepancy of 95 Hz which is mainly caused by the preloads applied on the rotors. separately. We can see that the output speeds for all excitation frequencies increase with increasing voltage. A maximum value of 366 r/min is obtained when the frequency and voltage of the excitation signal are 20.86 kHz and 350 V P-P , respectively.
Based on the assumption that the driving effect of dual-rotor drive is better than that of single-rotor drive, the prototype utilizes two rotors to drive the rotary shaft for rotary motions, as shown in Fig. 12 . To verify this assumption, rotary speed versus load torque for the dual-rotor drive and single-rotor drive under different preloads were measured. Fig. 18 shows the schematic diagram of the experimental setup. An encoder was linked to the rotary shaft and utilized to measure the rotary speed. A string was wound to a loading wheel which was fixed on the rotary shaft. Therefore, via tying different weights with the string, different load torques, which were computed by multiplying the weights and the radius of the loading wheel together, were applied to the prototype. The voltage and frequency of the excitation signal were set as 350 V P-P and 20.86 kHz, respectively. The preloads were set as 7 N and 11 N, separately, by adjusting the compression amount of the preload spring. Fig. 19 shows the curves of the speed versus output torque under the preloads of 7 N and 11 N for the dual-rotor drive and single-rotor drive. Experimental results show that all the rotary speeds for the two drive modes under different preloads decrease with increasing output torque. Furthermore, compared with the single-rotor drive, the dual-rotor drive reaches larger output torque under the preloads of 7 N or 11 N, which proves that the assumption is reasonable. When the preload is 11 N, the maximum torque of 72 mN·m for the dual-rotor drive is achieved at the speed of 60 r/min.
VI. CONCLUSION
In this study, a bolt-clamped type piezoelectric actuator, which utilizes the hybrid of longitudinal and torsional vibrations to output rotary motions, was proposed and tested. This new rotary piezoelectric actuator uses two longitudinal-torsional convertors to transform part of the longitudinal vibrations, which is generated by one piezoelectric stack, into the torsional vibrations and generates elliptical motions at the ends of the driving tips. The structure dimensions of the two convertors, which have great influences on the effect of mode conversion, were determined by modal analysis and harmonic analysis. The transient analysis stated that the hybrid of longitudinal and torsional vibrations formed uniform elliptical motions on the driving tips. Several experiments were carried out to verify the vibration and output characteristics of the prototype. The optimum excitation frequency of the actuator for pushing the rotors was 20.86 kHz. The prototype obtained a peak no-load speed of 342 r/min with a preload of 11 N. Furthermore, the maximum torque of 72 mN·m was achieved at the speed of 60 r/min. Experimental results indicates that this new actuator is qualified to be used in the rotary drive. Besides, the application of one piezoelectric stack makes this new rotary actuator easy to excite. In future work, we will focus on the improvement of efficiency and application of this piezoelectric actuator.
